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ABSTKACT 
The government and indus t ry  were surveyed t o  determine t h e  l e v e l  of 
t e s t i n g  of n i cke l  hydrogen ( N ~ H ~ )  b a t t e r y  c e l l s  and t o  eva lua t e  t h e  
demonstrable c a p a b i l i t i e s  of t n e  couple.  Only f l i g h t - t y p e  c e l l s  undergoing 
ground test were incorporated i n  t h e  d a t a  base,  no b o i l e r p l a t e  c e l l s  o r  
f l i g h t  b a t t e r i e s  were included. Both USAF des ign  and COMSAT des i gn  c e l l s  as  
w e l l  as a  few c e l l s  produced by SAFT were l i s t e d .  The USAF des ign  is  i n  
t e s t  i n  both high and low e a r t h  o r b i t  s imu la t i ons ,  whereas t he  COMSAT 
design,  intended s p e c i f i c a l l y  f o r  high o r b i t  a p p l i c a t i o n s ,  i s  being t e s t e d  
predominantly i n  high o r b i t s .  The d a t a  from over  400 c e l l s  show t h a t  t h e  
r e l i a b i l i t y  and c a p a b i l i t y  of both designs f o r  high o r b i t  a p p l i c a t i o n s  a r e  
reasonably e s t a b l i s h e d  out  t o  t e n  years  i n  geosynchronous o r b i t  and t o  
approximately 3000 cyc l e s  i n  o t h e r  high o r b i t  app l i ca t i ons .  However, t h e  
d a t a  base is  weak and incomplete f o r  a p p l i c a t i o n s  of t h e  USAF c e l l  i n  low 
e a r t h  o r b i t .  This probably a r i s e s  because of t h e  harsh t e s t i n g  environment 
t o  which t h e s e  c e l l s  have been sub jec t ed  as  wel l  as var ious minor des ign  
quest ions t h a t  were not  resolved when t h e s e  c e l l s  began t e s t i n g .  It must 
a l s o  be pointed ou t  t h a t  most of t h e  t e s t i n g  d a t a  base is cons t ruc ted  from 
c e l l s  t h a t  were developmental i n  des ign  o r  manufacture ( a l l  c e l l s  purchased 
f o r  a  t e s t  a r e  used, even i f  performance is ques t i onab le )  as c o n t r a s t e d  t o  a  
f l i g h t  program where it can be assumed t h a t  many of t h e  f a i l u r e s  l i s t e d  
would have been r e j e c t e d  p r i o r  t o  e i t h e r  l i f e  tes t  o r  t o  use i n  a  f l i g h t  
ba t t e ry .  
A survey  of t he  t e s t i n g  d a t a  base f o r  nickel-hydrogen ( N ~ H ~ )  b a t t e r y  
c e l l s  has been performed. The o b j e c t i v e  of t h i s  survey  was t o  eva lua t e  t h e  
s t a t u s  of t e s t i n g  of c e l l s  i n  gene ra l  and of t he  A i r  Force des ign  
nickel-hydrogen c e l l  i n  p a r t i c u l a r .  S u f f i c i e n t  d e t a i l  was sought s o  t h a t  a  
c r i t i c a l  eva lua t ion  of t h e  t e s t  r e s u l t s  and of c e l l  performance could be 
made. Real iz ing t h a t  s u b t l e  d i f f e r ences  i n  test condi t ions  can r e s u l t  i n  
l a r g e  d i f f e r ences  i n  c e l l  performance, an e f f o r t  was made t o  d e f i n e  t h e  
a c t u a l  t e s t  environment as  c l o s e l y  as poss ib le .  These d a t a  were ob ta ined  i n  
t he  time per iod February t o  May 1984, and r e f l e c t  t he  s t a t u s  of tests a t  
t h a t  time. Pe r iod i c  updates of t h e  information a r e  planned. 
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THE DATA BASE 
P o t e n t i a l  sources of t e s t  d a t a  i n  t he  United S t a t e s  and Canada were asked 
t o  provide r e s u l t s  of t e s t i n g  of any and a l l  N i H 2  c e l l s .  These sources 
were provided with a ques t ionna i r e  t h a t  was e i t h e r  completed by t h e  
respondent o r  by the  in te rv iewer  from d a t a  rece ived  by telephone. These 
inputs  were supplemented by reviewing I R & D  r epo r t s  and r e p o r t s  i n  proceedings 
of t he  IECEC and t h e  GSFC Bat te ry  Workshop. COMSAT ~ a b o r a t o r i e s  t e s t i n g  is 
not included i n  t h i s  r epo r t .  This omission r e s u l t s  i n  t he  l o s s  of a 
s i g n i f i c a n t  po r t ion  of t he  COMSAT design N i H 2  c e l l  d a t a  base. 
I n  t h i s  survey the  term USAF design app l i e s  t o  c e l l s  with annular  
e l ec t rodes ,  leads placed on the  inner  per imeter  of t he  e l e c t r o d e s ,  and 
gene ra l ly ,  a r e c i r c u l a t i n g  s t ack .  E l e c t r o l y t e  has a n e t  flow wi th in  t h e  
r e c i r c u l a t i n g  s t a c k ,  wherein the  negat ive  and p o s i t i v e  p l a t e s  a l t e r n a t e  i n  
the p l a t e  pack s o  t h a t  t he  gas s c r e e n  sepa ra t e s  t he  r e a r  of t he  p o s i t i v e  and 
negat ive p l a t e s .  The f r o n t  faces  of t he  p l a t e s  a r e  s epa ra t ed  by asbes tos  o r  
z i r c o n i a  f a b r i c  ( ~ i r c a r )  s epa ra to r s .  The gas s c r e e n  provides f o r  d e l i v e r y  of 
hydrogen gas and f o r  t r anspor t  of oxygen gas during overcharge, d i r e c t l y  
across  t h e  sc reen  from t h e  ad jo in ing  p o s i t i v e  t o  t he  c a t a l y t i c  negat ive.  The 
COMSAT des ign  ind ica t e s  c e l l s  with c i r c u l a r  e l ec t rodes  with chords removed 
f o r  leads on the  ou te r  per imeter  and a back-to-back p l a t e  pack design.  I n  
t h i s  des ign  two pos i t i ves  a r e  placed back-to back, separa ted  by asbes tos  from 
negat ives  t h a t  a r e  a l s o  back-to-back wih a gas s c r e e n  s e p a r a t i n g  them; dur ing  
overcharge oxygen escapes from t h e  pos i t i ves  along t h e  p l a t e  pack edge t o  t h e  
backs and s i d e s  of t he  negat ive.  This des ign  does not  produce a n e t  
e l e c t r o l y t e  flow. Th COMSAT c e l l  was designed f o r  high o r b i t  use  and i s  n o t  
a high r a t e ,  high cyc le  frequency c e l l .  The USAF c e l l  was o r i g i n a l l y  
designed f o r  high r a t e ,  high cyc le  frequency, low e a r t h  o r b i t  (LEO) use  
however, i t  can be used i n  any l e s s  s t r e s s f u l  o r b i t .  
The da t a  obtained r e l a t e  t o  some 412 c e l l s  from s e v e r a l  genera t ions  of 
both COMSAT and AF designs.  Thus, some of t he  longes t  t e s t s  and most 
impressive d a t a  a r e  from c e l l s  of e a r l i e r  designs.  Differences i n  designs 
a r e ,  f o r  the  most p a r t ,  evolu t ionary  i n  nature:  changes i n  s e a l s ,  
improvements i n  p o s i t i v e  e l e c t r o d e s ,  and minor changes i n  cons t ruc t ion  a r e  
t y p i c a l .  From a performance s t andpo in t  the  most s i g n i f i c a n t  change i n  c e l l  
design i n  t h i s  d a t a  base was the  in t roduc t ion  of t h e  wall wick f o r  
e l e c t r o l y t e  management i n  t he  USAF design. The e a r l i e s t  t e s t  d a t a  a r e  f o r  
c e l l s  without t h i s  f ea tu re .  A l l  c e l l s  manufactured i n  t h e  U.S. included i n  
t h i s  survey u t i l i z e  e lec t rochemica l ly  impregnated p o s i t i v e  p l a t e s .  Ten S a f t  
c e l l s  manufactured i n  France and included i n  t h e  COMSAT grouping may u t i l i z e  
chemically impregnated pos i t i ves  and a d i f f e r e n t  s e p a r a t o r  system than  t h e  
asbes tos  used un ive r sa l ly  i n  t he  COMSAT design.  
The d i s t r i b u t i o n  of c e l l s  i n  t e s t  by des ign  shows t h a t  a t  least 192 c e l l s  
of t h e  COMSAT des ign  a r e  e i t h e r  i n  t e s t ,  i n  p r e p a r a t i o n  f o r  t e s t i n g ,  o r  have 
been t e s t e d .  A l l  bu t  four  of t hese  have been t e s t e d  i n  some type  of h igh  
o r b i t  sicnulation. Of t h e  271 USAF c e l l s  t e s t e d ,  i n - t e s t ,  o r  i n  prepara t ion  
f o r  t e s t i n g ,  we l l  over  ha l f  have been sub jec t ed  t o ,  o r  are planned t o  be 
t e s t e d  i n  s imulated low e a r t h  o r b i t  regimes. No " b o i l e r  p l a t e "  test d a t a  
were included i n  the  d a t a  base because of t h e  ques t ionab le  re levance  of such 
da t a  t o  f l i g h t  type c e l l  performance. General ly  " b o i l e r  p l a t e "  d a t a  a r e  
app l i cab le  but  i n s t ances  of rework during t e s t  and v a r i a t i o n  i n  e l e c t r o l y t e  
quan t i t y ,  p ressure  and plate-to-volume r a t i o s  compared t o  f l i g h t - t y p e  c e l l s  
a r e  s u f f i c i e n t l y  common t h a t  these  d a t a  cannot r e a d i l y  be eva lua ted .  
DISTRIBUTION OF FAILURES AND 'TESTING 
Figures  1 through 4 present  summaries of t h e  d a t a  on t h e  d i s t r i b u t i o n  of 
t e s t  du ra t ions  and f a i l u r e s  i n  bar  graph form. The d e f i n i t i o n  of f a i l u r e  i s  
taken from the  d a t a  reviewed. Most f a i l u r e s  a r e  def ined  a s  t h e  i n a b i l i t y  of 
t h e  c e l l  t o  maintain a  minimum of 1.0 V dur ing  discharge.  Less t han  one-half 
of the f a i l e d  c e l l s  shor ted .  The r e s t  were low vo l t age  f a i l u r e s  without  
conf i raed  sho r t s .  No c e l l s  were repor ted  t o  have f a i l e d  open c i r c u i t .  I f  a  
t e s t  w a s  terminated without c e l l  f a i l u r e ,  i t  is  r epor t ed  a s  a  d i scont inued  
t e s t .  
Figure 1 summarizes a l l  low e a r t h  o r b i t  t e s t  exper ience  f o r  t h e  USAF 
design c e l l .  These d a t a  a r e  skewed somewhat by 20 of 21 c e l l s  t h a t  have 
experienced over 8000 cyc le s  and t h e  20 of 21  c e l l s  t h a t  exceed 10,000 cyc le s  
from t h e  two ground t e s t  b a t t e r i e s  of t h e  A i r  Force F l i g h t  Experiment. These 
c e l l s  a r e  of an  o l d e r  des ign  (ca.  1975) and do n o t  r ep re sen t  c u r r e n t  
s ta te-of- the-ar t ;  they used back-to-back e l e c t r o d e s  and had no w a l l  wick. 
Only one c e l l  i n  each group of 21 f a i l e d  e a r l y .  The remaining 20 c e l l s  a r e  
e i t h e r  cont inuing  i n  t e s t  o r  were d iscont inued  without  a d d i t i o n a l  f a i l u r e s .  
Xemoval of t hese  F l i g h t  Experiment t e s t  b a t t e r i e s  from t h e  d i s t r i b u t i o n  
r e s u l t s  i n  t he  d i s t r i b u t i o n  shown i n  f i g u r e  2. The d a t a  f o r  t h e  USAF design 
i n  low e a r t h  o r b i t  suggest  t h a t  a  s i g n i f i c a n t  d i f f e r e n c e  i n  performance 
e x i s t s  between c e l l s  t e s t e d  predoainant ly  a t  80% depth  of d i scharge  (DOD) and 
those  t e s t e d  a t  l e s s  than  t h a t  depth. There a r e  i n s u f f i c i e n t  d a t a  t o  make a 
f i n e r  d i s t i n c t i o n .  The cross-hatched b a r s  i n d i c a t e  c e l l s  t e s t e d  a t  80% depth 
of d i scharge  i n  f i g u r e s  1 and 2. 
F igure  3 summarizes t h e  experience f o r  both USAF c e l l  des ign  i n  high 
o r b i t  s imulat ions.  Figure 4 shows s i m i l a r  d a t a  f o r  t h e  COMSAT c e l l  design 
except t h a t  t he  t e s t i n g  is  a l l  f o r  s imulated geos t a t iona ry  o r b i t  condi t ions .  
Both acce l e ra t ed  and r e a l  time t e s t i n g  a r e  combined i n  both of t hese  
f igu res .  There i s  no apparent  d i f f e r e n c e  between 80% and lower depths of 
d i scharge  i n  t h e  performance under t h e s e  cond i t i ons .  Most f a i l u r e s ,  t e n  f o r  
t h e  COMSAT des ign  and one f o r  t h e  USAF des ign ,  can  probably be a t t r i b u t e d  t o  
workmanship o r  des ign  d e f e c t s  t h a t  have s i n c e  been co r rec t ed  o r  would no t  
have been included i n  a  f l i g h t  c e l l  s e l e c t i o n  process .  
DISCUSSION 
The d a t a  a v a i l a b l e  a t  t h i s  time sugges t  t h a t  both t h e  USAF and COMSAT 
c e l l  designs can be used i n  high o r b i t  wi th  high r e l i a b i l i t y .  This assumes 
t h a t  t h e  observed f a i l u r e s  were f o r  t he  most p a r t  manufacturing d e f e c t s  and 
a c t i v a t i o n  problems t h a t  have been so lved  o r  would be screened  ou t  i n  a 
f l i g h t  program. Cer t a in ly  t h e  number of c e l l s  t h a t  have su rv ived  a t  l e a s t  
1000 cyc les  ( t e n  year geos t a t i o n a r y  o r b i t )  a t  up t o  80% DOD is  impress ive  a t  
s o  e a r l y  a poin t  i n  t h e  technology development cyc le .  Taking t o t a l  numbers 
and inc luding  both high and low o r b i t  t e s t i n g  f o r  t h e  USAF des ign ,  some 148 
c e l l s  have been t e s t e d  t o  1000 o r  more cyc les  a t  DOD's  g r e a t e r  than  50%; 
the re  have been seven f a i l u r e s  p r i o r  t o  reaching 1000 cyc le s .  A s i m i l a r  
comparison Eor t he  COMSAT des ign  shows t h a t  a t  l e a s t  65 c e l l s  have provided 
1000 cyc les  o r  more with seven f a i l u r e s .  The f a i l u r e s  t h a t  have occurred  
must be considered t o  be from development l o t s  of c e l l s ;  t h e  f a i l u r e s  would 
be reduced o r  e l imina ted  i n  an  a c t u a l  f l i g h t  program. I t  must be pointed o u t  
t h a t  t hese  d a t a  do not  suppor t  use  a t  80% DOD because no cont ingency f o r  
acceptab le  degradat ion o r  system f a i l u r e s  has been included.  The u l t i m a t e  
c a p a b i l i t y  of t he  c e l l s  from which power system designs can  be de r ived  i s ,  
however, demons t r a t e d .  
Low e a r t h  t e s t i n g  has not demonstrated t h e  long l i f e  a t  t h e  g r e a t  depths 
of d i scharge  t h a t  t he  USAF-design c e l l  promises. Examining t h e  d a t a  and 
coupling i t  with o t h e r  information sugges ts  t h a t  s e v e r a l  elements may we l l  
s e r v e  t o  cause premature f a i l u r e  of c e l l s .  The s t r e s e s  i n  low e a r t h  o r b i t  
can be much g r e a t e r ,  p a r t i c u l a r l y  a t  g r e a t e r  depths of discharge.  F i r s t ,  
recognizing t h a t  t he  n i cke l  e l e c t r o d e  i s  i nhe ren t ly  t h e  weakest component of 
t he  c e l l ,  s t e p s  must be taken t o  minimize t h e  poss ib l e  s t r e s s e s .  Second, 
designs and procedures t h a t  might prove s a t i s f a c t o r y  f o r  h igh  o r b i t  use ,  b u t  
t h a t  may not permit c e l l  performance t o  be maintained over  t h e  more than  
25,000 cycles  requi red  f o r  LEO must be s c r u t i n i z e d .  F i n a l l y ,  t h e  charge 
procedures ( t h e  d ischarge  i s  l a r g e l y  d i c t a t e d  by miss ion  cons ide ra t ions )  and 
thermal environment must be ad jus t ed  t o  a s s u r e  t h a t  t h e s e  do not  l i m i t  c e l l  
l i f e .  I t  i s  important t o  note  t h a t  t h e  c a p a b i l i t y  of NiCd b a t t e r i e s  t o  
perform f o r  more than 3 years a t  20 t o  25% DOD has been developed over  t h e  
years by a b e t t e r  understanding of how t h e  c e l l s  work, by improvements i n  
c e l l  components, and by f i n e  tuning of c e l l  designs.  S imi l a r  a t t e n t i o n  t o  
N i H 2  b a t t e r i e s  could r e s u l t  i n  very s i g n i f i c a n t  improvements. 
The pos i t i v e  e l ec t rode  i s  s u b j e c t  t o  s t r e s s e s  due t o  charge-discharge 
cyc l ing  and e s p e c i a l l y  t o  overcharge. These a r e  caused by molecular volume 
changes between the  various phases of charged and discharged m a t e r i a l ,  by 
r e l a x a t i o n  of t hese  phases,  by oxygen gas evo lu t ion ,  and by a hos t  of des ign  
var iab les  involved i n  the  p l a t e  manufacturing process.  Research and 
development can c e r t a i n l y  lead  t o  more s  t r e s s - r e s  i s  t a n t  and e f f i c i e n t  n i c k e l  
e lec t rodes .  S imi l a r ly  t he  s t r e s s e s  can be mi t iga ted  by minimizing 
overcharge, by l i m i t i n g  charging and d ischarg ing  t h a t  cause high s t r a i n  
r a t e s ,  and by keeping temperatures low s o  t h a t  e l e c t r o d e  e f f i c i e n c y  i s  
maximized. 
The des ign  and product ion of N i H 2  c e l l s  is s t i l l  evolving. 
Improvements i n  des ign  such as those  shown by MANTECH w i l l  cont inue  t o  make 
the  c e l l s  t h a t  a r e  under t e s t  l e s s  than t h e  s ta te -of - the-ar t .  Recent 
problems with asbes tos  s epa ra to r s  i n  both c e l l  designs and the  h i s t o r i c  
problems with p inhol ing  of t h e  negat ive  e l e c t r o d e  i n  Z i r c a r  s epa ra t ed  c e l l s  
suggests  t h a t  a  b e t t e r  s e p a r a t o r  m a t e r i a l  i s  needed. The test d a t a  show t h a t  
ne i the r  s e p a r a t o r  i s  s u p e r i o r  i n  terms of l i f e  o r  performance. However, i t  
may be t h a t  both sepa ra to r s  a r e  s a t i s f a c t o r y  and t h a t  a c t i v a t i o n  o r  o t h e r  
handling procedures a r e  d e f i c i e n t .  The performance of some r e c e n t l y  
manufactured c e l l s  may be r e l a t e d  t o  t e s t i n g  o r  s p e c i f i c  manufacturing 
problems because o t h e r  c e l l s  produced near  t he  same time with s i m i l a r  
mater ia l s  have not  shown s i m i l a r  anomalies. Carefu l  review of pas t  
procedures and of any proposed changes must be made and a c c e p t a b i l i t y  
demontrated by t e s t .  
The e l e c t r i c a l  environment must a l s o  be ad jus t ed  t o  minimize s t r e s s .  
Overcharge, p a r t i c u l a r l y  a t  high r a t e ,  must be avoided. Constant vo l t age  
charging does not  appear t o  be an acceptab le  charge c o n t r o l  procedure because 
the  s l o p e  of t h e  vol tage  vs capaci ty-returned curve i s  shal low i n  N i H 2  
c e l l s  and the  abrupt  voltageLrise near  t he  end of charge c h a r a c t e r i s t i c  of 
NiCd c e l l s  may not  be r e l i a b l e  i n  N i H 2  c e l l s .  Tests  have given good 
r e s u l t s  u s ing  cons tan t  vo l tage  charge; however, t he  v a r i a t i o n s  i n  t h e  charge 
r e t u r n  i n d i c a t e  t h a t  t h e  b e t t e r  c o n t r o l  of overcharge may be use fu l .  The 
e a s i e s t  way t o  minimize the  quan t i t y  of overcharge requi red  is t o  main ta in  
the  c e l l s  i n  a  cool  environment. By minimizing t h e  thermal g rad ien t s  i n  t he  
c e l l  and keeping t h e  temperature low, t he  charge e f f i c i e n c y  i s  maximized and 
the n e c e s s i t y  f o r  l a r g e  charge r e t u r n  r a t i o s  is el iminated.  Although i t  i s  
e n t i c i n g  t o  t r e a t  N i H 2  b a t t e r i e s  as "super" NiCd b a t t e r i e s ,  t h e  c e l l  is a  
d i f f e r e n t  couple with unique charge c o n t r o l  and environmental requirements.  
CONCLUSIONS 
The t e s t i n g  d a t a  c o l l e c t e d  from most North American sources i nd ica t e s  
t h a t  t h e  b a s i s  f o r  use  of NiH2 c e l l s  i n  high o r b i t s  i s  firm. Resul ts  from 
over 227 c e l l s  have produced only 14 f a i l u r e s  up t o  1000 cyc les .  The 
f a i l u r e s  a r e  of t h e  type t h a t  have e i t h e r  been co r rec t ed  o r  would be screened 
out  i n  a  f l i g h t  program. Recent f l i g h t  experience appears t o  suppor t  t h i s  
pos i t  ion. 
The d a t a  base is very weak and i n s u f f i c i e n t  f o r  low o r b i t  app l i ca t ions .  
Few c e l l s  have more than  8000 cyc les  (1.4 years  i n  low. o r b i t )  before  f a i l u r e  
o r  t e s t  discont inuance.  However, t e s t s  have gene ra l ly  been run  under 
u n r e a l i s t i c a l l y  harsh condit ions of high depth of d i scharge ,  l a r g e  charge 
r e t u r n  r a t i o s ,  and temperatures near  ambient. A p a r t i c u l a r  problem i s  t h a t  
t he  charge r e t u r n  r a t i o s  t h a t  have been used appear smal l  u n t i l  i t  is 
r ea l i zed  t h a t  even 105% charge r e t u r n  r e s u l t s  i n  a  l a r g e  q u a n t i t y  of e x t r a  
charge a t  high DOD'S. I n  comparison, a  t y p i c a l  NiCd run with 107% charge 
r e t u r n  a t  shal low DOD rece ives  much sma l l e r  quan t i t y  of e x t r a  charge. It is 
such problems as  t hese ,  coupled wi th  minor des ign  and procedural  changes t h a t  
may not  have been b e n e f i c i a l ,  t h a t  l ead  t o  t he  l ack  of s u f f i c i e n t ,  
demonstrable c a p a b i l i t y  f o r  N i H 2  c e l l s  i n  low e a r t h  o r b i t .  A c a r e f u l l y  
con t ro l l ed  low e a r t h  o r b i t  t e s t  us ing reasonable condi t ions  with proper ly  
s p e c i f i e d  and qual i ty-cont ro l led  c e l l s  would appear t o  be mandatory i n  o rde r  
t o  demonstrate l i f e .  
FIGURE CAPTIONS 
Figure 1. Distribution of testing and failures for all USAF design cells 
(128 cells) in low earth orbit (LEO) simulations is shown. Cross-hatched 
bars are nunbers of cells tested at 80% depth of discharge. Asterisks 
iadicate the major contribution from cells in the two USAF Flight experiment 
batteries. 
Figure 2. Distribution of testing and failures for USAF design cells in 
LEO simulations excluding those 42 cells in the two Air Force Flight 
Experiment test batteries. Cross-hatched bars are numbers of cells tested at 
80% depth of discharge. 
Figure 3. Distribution of testing and failures for USAF design cells in 
high earth orbit simulations are shown for 66 cells. The cross-hatched bars 
are numbers of cells in elliptical orbit simulations. 
Figure 4. Distribution of testing and failures for COMSAT design cells in 
geostationary orbit simulations are shown for 132 cells. 
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Figure 1. Distribution of testing and failures for all USAF design cells (128 cells) in low earth orbit 
(LEO) simulations is shown. Cross-hatched bars are numbers of cells tested at 80% depth 
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Figure 3 .  Distribution of testing and failures for USAF design cells in high earth orbit simulations 
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Figure 4. Distribution of testing and failures for COMSAT design cells in geostationary orbit simu- 
lations are shown for 132 cells. 
